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A radar interferometric technique for topographicmapping of surfaces prormises a
high resolution approachto generation of digital elevation models. We present here
analyses of data collected by the syntheticaperture radar inst rument on board the
IERS-1satellite on successive orbits, Usingasingle satellite in anearly repeating
orbit is attractive for reducing cost and spaceborne hardware complexity; also it
permits inference of changes inthe surface from the correlation properties of the
radar echoes. The datahavebeen reduced to correlation maps and digital elevation
models. The correlationmaps show thattemporal correlation decreases significantly
with time, but not necessarily ataconstant, well-defined rate, likely depending on
environmental factors. When correlation) among passes remains high, however, it
is possible to form digital elevation models. Analysis of noise expected in ERS-1
interferometric data collected over Alaska and the southwestern U.S. indicates that
maps with relative errors less thandnrms are possible in some regions. However,
orbit uncertainties imply that tic points arc required in order to reduce absolute
height errors to a similarmagnitude. We find that about 6 tiepoints per 4(1 by 40
kmscene with b m or better rins height accuracy arc needed to keep systematic
map height errors below 5 m rms. T'he performance of the ERS-1 radar systein for
topographic applications, though useful for a variety of regionalandlocal discipline
studies, may beimproved withrespect to temporal decorrelation errors and absolute
height acuity by modifying the orbit repeat period and incorporating precise orbit
determination techniques. Theresulting implementation will meet many, but not

all, objectives of a globalmapping nission.

Introduction

Radar interferometry is now gaining increasing credibility as a technique for rapid, accurate
topographic data collection. As digital elevation modcls produced in this manner arc becoming
avail able to the general science and operational communities, and as a number of interferometric
radar systeins arc in the planning and implementation stages, it is important to understand the
accuracy and limitations of the technique. Inthis paper we examine the credibility and usefulness
of interferometric radar topograplic data generated by one particular implementation, the ERS-1
radar system, which generates interferometricinformation by combining data from two successive
passes of tile satellite over a given surface region. here we will briefly review theoretical concepts,
estimate performance from the 1XRS-1 radar system parameters, present DEMs produced by the
system, demonst rate that to obtain high absolute accuracies known image tie points are needed, and
finally discuss the possibili ty of using the ERS-1 system to generate a global, consistent topographic
map.

A radar interferometer is formed by relating thesignals from two spatially separated radar

antennas; theseparation of the two antennas is called the baseline. The two antennas may be

mounted on a single platform, the usual tmplementation for arcraft systems [1,2], or a synthetic
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interferometer may be realized by utilizing asingle antennaona satellite in a nearly-exact repeating
orbit-in this case the interferometer baseline is formed by relating radar signals on repeat passes
over tile same site. Eventhough the antennas do notilluminate the same area at the same time,
if tile ground is completely undisturbed between viewings tile two sets of signals will be highly
correlated and aspatial bascline may be synthesized. Topographic maps using this technique have
been demonstrated by Goldstein et al. [3], Gabricl et al. [4], Gabrieland Goldstein [5], and Zebker

and Villasenor [6].

The performance of aradarinterferomete r system depends onthe radar instrument parameters,
the orbit parameters, and the errors induced by the data processing and post processing operations.
For the repeat- pass implementation in particular, temnporal decorrelation constitutes an important
andinmany cases the limiting error source inthe operation of a topographic mapping radar.
Zcbker and Villasenor [6] investigated temporal decor relation phenomen a for the SEASAT 24 cin-)
(1.-band) radar and were able to determine rates of decorrelation for several types of surfaces. We
analyze here ERS-16 ¢cm-A (C-band) data andfind that the decorrelation rates are often so much
higher thaninthe SEASAT case that it is diflicult to measure the rate given the three-day sampling
of the surface provided by the satellite orbit. LVlie]\ the correlation drops significantly, the utility
of thetopographic maps derived fromthe radar measurements is limited. Pratietal. [7] have

reported similar decorrelation effects in ER - 1 interferometric data over Furope.

Several problemsare observed specific to the ERS-1/ Alaska SAR Vacility (ASF) implemen-
tation. The coverage area of this system is limited by the need to downlink real-tilnc data from
the satellite to the Fairbanks, Alaska, receiving station, thus only data acquired over a 3000 -kin
radius circle centered onthe receiving antenna are available. As we will discuss below, high cor-
relation may be achieved only whenlittle weathering or other environmental change occurs- this
is an important considerationin arctic regions. Inaddition, the small ERS-1incidence angle of
about 23° is far {romoptimum,assignificant layover regions are observed which lead to gaps in the
map that must be inter polated over. Finally, during the commissioning phase of the mission the
1<RS-1 orbit was adjusted many times so that large, unusable interferometer baselines often were
the result. Despite these limitations, in certain cases topographic mapping is not only feasible but
perhaps the only means to obtain high quality digital elevation data of selected sites.

Theoretical Summary: Height Equations and Error Sources

The theory of topographic mapping using radar interferometry has already been presented in
some detail [1,2,6,8,9], so here we only summarize the main results and establish notation. For
repeat pass imaging geometries, on each pass tile radar acts as both a transmitter and receiver,
therefore the total path difference for eachradar observation toa given point on the surfacers twice
what would beexpected if asingle spacecraft or aircraft with two physical antennas is used. Thus,

some Of the equations listed here differ from those in the references by a factor of two.

Giventwo antennas Al and A2 as shownin figure 1, surface topography as given by 2(y), the




4

spacecraft altitude /r above ii tangenit plane at the point of interest, the bascline distance B, the
rangeto a point onthe groundr, the look angle 0, andthe angle of the baseline with respect
to horizontal a, two radar signals transmitted from each antenna and received at the point of
transmission will, when properly resampled and cross-multiplied, form an interferogram where the
phase at each point is proportional to the difference in path lengths, 26, with the constant of
proportionality 2/\1 A little algebra and geometry yield the following equations for height as a

function of these parameters:

Ao
T (1)
: 2 2 2
sin(f - a)= _(rd b)ﬂﬁiﬁ -
H{r,8) = h - rcosh @)

where ¢ is the measured phase, and A is the wavelength.

Differentiation of (1-3) withrespect to ¢ vields the error in llci.gilt estimate as a function of the
error inphase estimate to first order:
Ar

0. = ATﬂfﬁ—[sin a- cosatan(a - 8)] oy (4)

where o, and o4 arc the standard deviations of height and phase, respectively.

The second significant error source results from errors in knowledge of the synthetic interfer-
ometer baseline alignment, that is it is iinpossible to distinguish a baseline angle knowl edge error
fromaslope on tile surface topography, and therefore extremely precise knowledge of the baseline

geometry is required if absoluteheight estimation is needed. Differentiation withrespect to ¢ yields
o.=7r sin fo, )

Since the principal effect from an attitude error is to introducea tilt across the radar swath,
accurate height measurcments may sill be achieved when a large uncertainty in o exists - this
entails correcting theimage heights with tie points to deterinine the absolute height values. This

approach will be described in greater detail below.,
Iiquation (5) canbe rewritten explicitly interms of the uncertainties inthe horizontal and

vertical components of the bascline R, and oy, as

ro. . .
—sinfsina ap, (6a)

B

'Q
1

o, = ﬁsin() Cos 0 Oy, (6b)
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This form of the uncertainty equations is useful when evaluating errors from traditional orbit

position information.

It is important to realize that the above two types of errors are significantl y different in nature:
the phase errors increase the statistical variation of each point in the DEM, while the attitude errors
aresystematicin that a large ground region will exhibit a common error. As stated previously,
there is the opportunity to correct attitude ecrrors using knowledge of the height of a few points in

a given lmage scene.

Successful implementation of aninlcrfcrmnetrictbpographicmapping instrument requires that
both the uncertainty in the baseline components and the phase noise be minimized. Analysis of
the former is straight-forward and results from characterizing the platform position for each orbit
and applying compensationalgorithms inthe radar processor- the residual uncompensated baseline
error determines the height error from (5) or (6). For conventional orbit determination precision,
this error term is usually unacceptably large, however, as discussed previously, these errors can be
reduced further by inference of the residual baseline components from known points in the scene

(see more intie point discussion] below ).

The phase noise term results from various factors including thermal noise, sampling and pro-
cessing artifacts, and correlation of theindividual radar echoes before they are combined to form
the interferogram. Each of thesenay be characterized either by an equivalent signal-to- noise ratio

SNR or correlation p, whichare related by [6]

1

—_ 7
14+ SNR! ™

/):

One common technique for reducing statistical joise in a signal is averaging, and for interferograms
the optimal estimator in a maximum likelihood sense is to average spatially the complex signal
values, as was shown by Rodriguez [10]. In radar jargon this is equivalent to ‘taking looks' in
order to reduce statistical variation. We plot in figure 2 phase noise 04 as a function of looks and
correlation of the signals as determined by numericalsimulation (figure 2 is anextension of work
reported by Liand Goldstein [9]), As indicatedinthe figure, phase noise is reduced by maximizing

both the number of looks and the correlation.

Processing artifacts such as sidelobes, quantization noise, interpolation noise, and defocussing
can contribute to random and systematic phase errors in processed radar scenes and resulting
interferograms. These random errors can be viewed as an effective 1oss inthe SNR to be used in
equation (7)when computing the thermal noise correlation coeflicient. Defocussing will affect the
absolute phase of animage or image pair. This kind of error is minimized in systems steered toa

zero Doppler geometry as is the case withINRS-1, however inevitably some error will exist.

Decorrelation noise arises from several sources distinct from the already mentioned thermal

effects and processing artifacts. Most important for radar interferometry in general and for repeat
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pass implementationsin particular are what we refer to as baseline and temporal decorrelation.
(Rotation of the viewing angle is also important w’lien interferometric techniques are applied to
satellites in crossing orbits [5], but these systems would never be practical for global mappi ng
app lications, and we willignore this term here.) Baseline decorrelation results from viewing the
surface at two slightly different Took angles and increases with increasing differential angle (or
baseline) [9]. The correlation between echoes variesapproximately linearly, decreasing from unity

a zero bascline to zero ata critical baseline

Beo 2
21, Cosé

(8)

where /¢, is the ground range resolution and # isthe loca incidence angle. The critical baseline in
(8)is measured perpendicular to the look direction; the component parallel to the look direction
dots not aflect the baseline decorrelation [6,8]. For optimal system performance, the baseline must
be large enough to give sufficient phase sensitivity to height (egs. 1-3), yet small enough as not to
introduce too muchdecorrelationnoise, therefore this defines a tradeofl ininterferometer design. We
note that this analysis is valid only for level surfaces. If there issignificant topography, variations

inthe local incidence angle canreduce the largest baseline useful for topographic mapping.

The other important source of decorrelation for repeat pass mapping is temporal decorrelation.
If wemodel a surface asconsisting of arandom collection of scatterers in each resolution element,
and if the scatterers arcundisturbed bet ween radar obseryv-ations, then the scattering event is
randombut deterministicand the exact samesignal willbe received at thesecond observation as
on the first observation, save for the above-mentioned thermal and spatial baseline effects. Zebker
and Villa senor [6] show that correlation may be expressed as afunction of the r-ins motion of the
scat terers approximately by

1 4z )2((,"55”294 (73 cos? 0)}

p=exp{-5( (9)

where oy and o, arc the rms motionsinthe across track and vertical directions, respectively.
They report this phenomenon as observed in SEASAT echioes obtained over Death Valley, CA, and
Oregon forested regions over a 20 day periodin Sc~)tc'llILcr/October 1978, and note for most types
of terrain gradually decreasing corrclation with time on the scale of days. Assessment of the utility
of the KRS-1 radar data for topographicmapping thus requires an equivalent measurement for the
shorter wavelength C-band data which by equation (9) ismore sensitive to small surface change by

afactor of four thanthe SE ASAT L-band signals.”
Theoretical ERS-1 Interferometer Performance

I this section we estimate tile topographic mapping performance of the ERS-1 radar system in

arcpeat-pass con figuration. Some systemparameters of the KRS-1 radar are given inTable 1.




Table 1. Nominal ERS-1 radar system parameters

Parameter FRS-1 value
Wavclength, m 0.0566

Peak p ower, watts 4800

Pulse rate. Hz 1679 nominal
Pulse length, s sec 37.1
Antenna length, m 10.0
Antentia width, m 1.0

Antenna gain, dB 43.2

Range bandwidth, Mllz 15.55
Receiver noise temperature, K 3700
Integrated Sidelobe ratio, dB -14
Quantization Noise (5 bit), dB -30

Slant range resolution, m 10.2

Ground range resolution, m 25

Azimuth resolution, m G

Orbit altitude, km 790
Incidence angle, deg 24

Orbit repeat interval, days 3, 35, 165

The radar system exhibits a typical signal to noise ratio of 11.7 dBas derived using the design
control table shown in Table 2. This SNR corresponds (eq. 7)toa correlation of 0.94.

Table 2. I'RS-1 radar design control table




Parameter LERS-1value ill dB/dBW

Peak power 36.8
Antenna directional gain 45.9
Antenna cfliciency -3
T 11
T -118.6
Hhuminated area 78.4
o! -14
L -11
3 -118.6
Antenna arca 10
Antenna efficiency -3
System losses -3
Oversampling gain 18
Total -109.3
Thermal noise (KTH) -121.0
Signal to noise ratio 11.7

From (8),the critical basecline for KRS-1is 1115 m. Observed ERS-1 orbits have repeat pass
basclines of random orientation and highly variable length. For atypical observed orbit spacing
perpendicular to the look direction of I3, = 165 m, the baseline component of correlation is
0.85. Thus, the total correlation from bascline effects and signal to noise ratio under the above
assumptions is 0.81. Inorder to reduce phase errors, we will assumne that the interferogram is

averaged, resulting in about 10 effective looks given by

A

N r (lo)

T,

where A, is the groundarea of themultilook pixeland R, and i, arc the ground resolutions
inazimuth and range. IFrom figure 2thephase error willbe 11 degrees, which{rom (4) results in

a statistical height error of 1.8 mrms.

This height error estimate corresponds to the case where 1)no errors are added by the radar
data processing operations, and 2) no temporal decorrelation occurs. In this sense it represents a

lower bound to statistical errors.

We next estimate the height errors induced by uncertainty in the baseline components, which in

this case is dominated by uncertainties in orbit determination. Currently the best operational orbit




9

estimates for R - 1 are about 30 em [1 1].Tora horizontal bascline length of 180 m corresponding
to ;= 165 m, (6) gives an absolute height error of order 1 kmnj clearly orbit determination alone
cannot suflice for generation of topographic maps. It is important to realize again that this is a
systemadtic error, that is it aflfectsevery pointintheimage with approximately the same error, and
that in a relative sensethe map may il be quite accurate, as indicated by thel.8 m calculation
above. Thus,apracticaltopographicinapping systemusing EI{ S-I requires the use of tie points in
theimage or some other technique 10 produce useful topographic maps.

Observed EH S-l Interferomecter Performance

We have produced several topographicmaps from ERS-1 observations and have used interfer-
ograms directly to estiimatetemporal decorrelation over multiples of the three day orbit repeat
interval. We present in this section correlation observations over hit. Katmai, Toolik l.ake, and
Manley Hot Springs sites in mainland Alaska and of Shishaldin volcano inthe Aleutian Islands.
We then show digital elevation models of the Toolikand Manley sites and discuss the observed
accuracy. Althioughwehave examined over 10 pairs of images of the volcanic sites, none provided
suflicient correlation over the entire scene to permit generation of a useful map.Inorder to show
that giventhe right environmental conditions, however, correlation may be sustained over long
time periods, we also show a DEM of the Pisgah lava flow arca in California. These data were
acquired fromthe Canadian receiving station atPrince Albert, Saskatchewan, when tile satellite
was operating in the 35-day repeat cycle,showing that for scenes m’here no disturbances occur

interferometric techniques are possible with very long temporal baselines.

Data ]'recessing Procedure. The data we use here, with the exception of the data over
tile southwestern U. S, are products of the Alaska SAR Jacility, built by JPL and operated by
tile University of Alaska atlairbanks, Institute for Geophysical research, where the facility is
located. Thesouthwest 11 .S.datawere recorded by tile Canadian Prince Albert receiving station.
We requested standard complex products for cachscene, and each was identified by alocation
in latitude and longitude and by date. As the three day orbitrepeat corresponds to 43 orbits,
orbit pairs with revolution numbers differing by 43 wererequested. The complex images represent
ground areas approximately 40 by 50km, at aslantrange pixel spacing of 7,9 m and an azimuth
pixelspacing of about 3.9 in. The data are incomplex format, with 16 bit representations for
cach of tile real and imaginary parts. One complex scene, two of which are needed to form cach

interferogram, has 2048 range elements and 12S00 azimuth lines for a total size of about 106 Mb.
The Canadian data are suppliedin raw signalsample form andwe processed these a JPL.

The next step inthe data processing procedure-is to determine the spatial oflset of the two
images at several locations. Asslightly different look angles arc involved, the range and azimuth
ofI’sets vary with range across theimage. If the orbits arenearly parallel, as is tile case for al data
analyzed here, we can assume that the range and azimuth spacing do not vary with azimuth. We

calculate the offsets by cross multiplying a 32 by 32 pixel portion of oneimage by the complex
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conjugate of a similar sectionin the other image and calculating the Fourier transform of the
result. Since when the alignment is optimum the visibility of the interference fringes is high, in
that instance the Fourier transformm will exhibit a strong peak. We search a small range of integer
pixel of Isets until the maximum transform peak and several neighboring values are found. These are
theninterpolated quadratically to estimate the actual offset at that location. The entire process
is repeated for different ranges, and the range-dependent offset functions are found by fitting a

polynomial by least squares to the measured range and azimuth offsets.

Once the offsets arc determined. oneimage is interpolated using a local quadratic polynonial
tomatch the second image onapoint for point basis. The two images are then cross multiplied,
and typically 2 pixels inrange and 10 in azimuth are averaged. Since the pixels are not entirely

uncorrelated, the resulting interferogramn exhibits statistical properties of roughly 10 look images.

Correlation measurements. T'he correlation coeflicient at each of the multilook pixels is

calculated according to

[ (cyc3)]
(E(er)E(cach))?

P (11)

where ¢y and ¢ are the corresponding complex values from the two images after interpolation. in
this section we will display several correlation maps for regions in Alaska observed by ERS-1, where
cach pixel will be color coded such that the brightness of each point is related to the radar cross
scction and tile color is the correlation coeflicient defined by (11), where the averaging interval
is defined by each 2by 10 pixelinput field. Forthe purposes of this paper we are interested in
indicating where correlation willbe high enough to permit reasonable phase estimation. Accurately
interpreting the observed correlation values in terms of geophysical factors of the ground is an

interesting topic left for future work.

Asummary of data sites investigated here, FRS-1passes, andother ancillary information arc
given in Table 3.

Table 3. Sites andData Acquisition Parameters




Site name lat. Long. Orbit pair B, m*B; , m ° IO I o

Toolik Lake 68.7 N 150.9 W 943, 1029 1062 404 0.96 0.90

1029, 1072 233.5 201,2 0.80 0.75
Manley not Springs 64.92  149.3 W 892, 935 177.8 155.9 0.84 0.79
hit. Katmai 58.3 N I55.0 W 943, 1029  144.2 445 0.95 0.89

1459, 1502 99.3 62.0 0.94 0.88
Shishaldin Volcano 514.7 N 164.1 W 2670, 2713 48.7 44.3 0.95 0.89
Pisgah Lava Flow 315N 116.3W 5873, 6284112.8 895 0.90 0.85

T Bascline
b Bascline component perpendicular to look direction; critical baseline B.=1115m
““Bascline correlation

4 Baseline + thermal correlation assuming SNR = 11.7 dB

Sample maps of the correlation cocflicient for the Toolik site area are shown in figure 3. The
color scae is suchthat zero correlation is represented by bluish purple, while unity correlation is
given by yellowish green. The observed correlation coeflicient depicted here is the product of all of
the various factors affecting signal correlation, including thermal noise, spatial bascline noise, and
temporal change noise. Since we can predict the former two with knowledge of the radar system
parameters, dividing the observed correlation by the predicted value provides an estimate of the
temporal decorrelation on a point by point basis. T'woinages are shown, one corresponding to a
6 day repeat interval and one to a3 day interval. Note that the6 day image is significantly more
correlated thanthe 3 dayimage. Since signal to noise ratios are similar and baseline decorrelation
for both cases is small (see Table3),theteinporal correlation is higher over thelonger rather
than the snorter time interval. Thus, environmental factors which occur sporadically rather than

continuously over time are dominating the observed correlation.

The majority of the six dayimage possesses an average correlation of 0.50 or more, implying
thatfor10 look data phase crrorsare less t han 30°, which correspondsto height errors of 17.3 m
(cq. 4), an unreasonably high limit for usable topographic maps. The three day image has large
arcasinwhich the correlation dropsbelow haf, however because tile projected baseline is five times
longer than that of the 6 day data, the height errors are appreciably sinaller. Most of this image
hasa correlation of 0.25 or above,implying heighterrors of 7,5111 or better, thus approaching a
suitable error for topographic mapping.

I'igure 4 depicts the correlation map measured over the Manley Hot Springs site, and it resembles
in correlation properties the Toolik data, implying that topographic models derived from the data
will be of useful quality. This contrasts with}Figure 5, correlation images of the hit. Katmai area,

inwhich large sections of theimage are uncorrelated. While certain subsections exhibit very high
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correlation values of about 0.85, only these small pieces nay be expected to yield accurate phase
estimates andhence useful digital clevationmodels. Fxamination of figure 5a shows some evidence
of anelevation effect. particularly on Mt. Griggs,the large mountain near the image center. The
average of the corretation coeflicients exceeds 0.5 on the lower slopes of the mount ain, but above
a constant altitude it drops to nearly uncorrelated. This could indicate anelevation-dependent
weather factor. Thedistributionof correlation valuesin figure 5b is less obviously related to

altitude butappears 10 be highest inthe valley floo s,

Finally,in figure 6 wc show the correlation map Of Shishaldin volcano inthe Aleutian Islands.
The water is of course completely uncorrelated, as is theland area over much of theimage. Only
a few outcropson the volcanoitsell andtheimmediate beach area exhibit sufficient correlation
to permit accurate phasc estimation. Thus, deriving topography using repeat pass interferometry
at C-bandin the Aleutian Islands in winter (data were collected in December) is at best a risky

proposition.

Digital elevation models and baseline estimation from tie points. Once we have de-
termined image pairs exhibiting suflicient correlation over large ground areas, we can proceed to
form the interferogiams and reduce them to height models. We determine the relative phases of all
the points in the interferogram using the phase unwrapping algorithn of Goldstein et @l. (3], which

adds the proper multiple of 27 to ecach phase measurement.

Fquations (1-3) gives the relation between the path difference for a given baseline and the phase
measured in the interferogram, assuming parallel orbits. In actuality, the FRS-1 orbits converge
slightly, not enough to alter the along-t rack pixel spacing, but enough to induce an along-track
component to the measured differential phase. In terms of (1), this situation can be approximated

by
A
b= Eﬁ[@ - a4 o) (12)

where x is the along-track position, m, is the orbit convergence phase rate, and ¢ is a constant
phase. We already noted that. ticp oints are necessary to determine the absolute heighton the
surface. Wehave implemented this as ancmpirical baseline estimation scheme, where the baseline
magnitude 13, orientation a, and along- track phase parameters are determine d from equations (12),
(2), and (3),using the unwrapp ed image phases a the tiepointsin (12) and ma~)-derived height
measurementsin (3). This was done for theimages here by fixing the vertical component of the
baseline 13, to 10 meters (ines the orbit repeat time (the BRS-1 0rbit decays by 10 m per day) and

computing the cross-track baseline component 3, m, and ¢o from three tiep oints in the scene.

This com pletely empirical approach is both expeditious, as it is extremely difficult to obtain
high accuracy orbitreconstructions, and it is necessary, because the orbit reconstructions do not
provide the absolute height accuracy we require. Analternate approach is also possible, in which

accurate orbitinformation is used as much as possible, and then tiep oints applied to correct for a
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height offset. However, the resulting accuracies will be similar, and still dependent on the tiepoints.

Once the baseline and along-track phliase paramceters are determined, equations (12), (2), and
(3) provide aconversion from the unwrapped phases to height: the three-dimensional coordinates
of cachpixel arc known and the pixelcanbe placed 011 a ground coordinate grid. We choose an
assumed spherical earth with radius cqual to the geodetic radius at the center of theimage for our
reference surface here. When the points arc placedonthe grid, a map such as the one shown in
figure 7 results. I'igure 7is a reduction of data collected over the Toolik site andis the same 3 day
orbit pair shown in figure 3b. Here radar brightness is shown as the brightness of each point, and
the color is determined by the altitude, W'hilein digital format weretain the actual height value,

for the display we quantize the heights as describedin the figure caption.

Note that a number of ‘hol ¢s’ remain in the figure. Although the original radar image is contin -
uous inthe radar slantrange andazimuth coordinate systemn, mapping onto aground coordinate
reference surface illustrates thatthereare places for whichhicight estimnates arenot available. Three
principal causes for the undetermined phases exist. First of al, duetoforeshortening or ‘layover’
cffects, in areas where the surface slope approaches the incidence angle, the ground range resolution
becomes much larger than the outputrange pixel spacing, so that a single mmcasurement character-
izes many output pixels. Since wemap cachmeasurement only at the point corresponding to the
center of the resolution cell, severalpointsinthe output grid remainunfilled. This effect dominates

a low incidence anglessuchasthe 21°used by 1'11{ S-1.

Thesecond eflect is that of shadowing. Similar to optical shadows, radar shadows are formed
whenataller object intercepts the illumination which would have illuminated a shorter object
behind the first. Since no echio is avail able in these regions, no phase estimate is available. This

effect becomes most important as grazing incidence geo metries are used, and is negligible for RS-1.

Finally, there are regions for which the radar backscatt er is simply too low or the signals are not
at al correlated over time so that accurate phase ¢stimation isimpossible.In these cases the phase

unwrapping algorithin identifies the regionand 110 attempt ismadeto obtain height estimates,

We have chosen to overcome the ‘hole’ problem by linearly interpolating in ground range over
the blank areas, assuming that the surface itself is smooth over thescales of interest. A sample
map is shownin figure 8, a heightmap of the Toolik site with all corrections applied. Note
that in wide blank areas such as tothe left atthe top or middle of the image, the simple linear
interpolation scheme adapted introduces height artifacts. Some of these artifacts can be removed
using a diflerent interpol ation scheme, however suchschemes use data two-dimensionally and arc
generally quite computationally ineflicient. Linear interpolation serves to demonstrate the KRS-1
height mapping capability. Figure 9 is a perspective view of these data where altitude and radar

backscatter are converted into hue, saturation and intensity to make a pleasing and natural effect.

We present in Figure 10 a perspective view generated from 35-day repeatpass ERS-1 data of the
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Pisgah lava flow in California. Thisimage was corrected for absolute heights with tie points and
exhibits statistical uncertainties of about3mrmsinthe flat arcas. This desert region undergoes
little weathering inthe summer (data were acquired in August and September), demonstrating that
under the P roper conditions therepeat-pass implementation €@ be used with long repeat cycle
radar systems. These long cycles are required for global coverage, thus data may in principle be
obtained worldwide and reduced topographically. However, environmental factors probably limit

the usefulness of the data set to selected regional studies.

Accuracy of the Alaska ERS-1 DEMs.

Accurate digital elevation models of Alaska do 10t exjst and this greatly constrains gur ability
test the accuracy of our approach to topographic mapping. We can, however, analyze the perfor-
malice of the mapping procedure inanumber of ways: 1) we canspot check the altitude of obvious
features with conventional topographic maps, 2)wecancompute the statistical errors over flat
arcas to ascertain whether or notthey agree with theory, and 3) wecan evaluate statistically the
expected height standard deviation from a bascline derived from a typical Hiep oint set.

Table 4 gives the results of applying procedure 1, examining the elevation of specific features in
the Toolik site data:

Table 1. Elevation Spot Checks of Toolik Site Features

Feature Elevation Flevation Delta
USGS Map ERS-1 Radar

1. Small lake near Sag River 61'1 613 1

2. Toolik Lake 719 718 !

3. 2nd lake near Sag River 507 505 2

4. Imnavait Mountain 1122 1102 20

5. Slope Mountain 1223 1221 2

6. Small hill near Toolik Lake 930 942 12

We note that the maps agree within twometersinthe first three areas cliosen but diverge
slightly 011 estimates of the mountain peaks chosen for the latter three sites. In fact the very close
agreement seen on the flat regions is duce more to our implementation which used estimates in those
areas as tic points to determine our baseline distance andthe degree of convergence of the orbits.
The realized precision of the tech nique is better demonstrated by the remaining values which range
from 2 to 20 meters. Since accurate digital elevationmodels of these areas are not available for
truthing investigations we arc limited by the ability to identify features on 200 foot contour maps.

It is very diflicult to identify the peaks of the mountains which typically do not have mcasured
henchmarks, and we must interpolate the contour s to obtain height estimates from the USG S maps.

Even with USG § map benchma ks, precisely locating the corresponding point in the interferogra




is very diflicult.

We call, however, measure the statistical variation inflat areas and compare the results to
the nominal prediction. Yor example, if we chioose the flat region near Toolik Lake in the 3 day
image, we obtain anrins height deviation of 2.5 m. We noted previously that a corrclation of 0.25
corresponds to 7.5 m height error. Thie 2.5 merror (3 times smaller) determined here is consistent

with the correlation of 0.75 (3 times larger)in this region seenin fig. 3b.

In figure 11 we present the digital clevation model derived from data acquired over the! Manley
Hot Springs site. Here the rins height error over the flat region in the center of the image below the
river is about 2.0 m, less even than that found inthe Toolik data set, as the temporal correlation
liere is 0.85. The elevation spot chieck results are shown in Table 5. Again the flat areas are quite
close andthe two mountain peaks chosen exhibit 3 and 31 meter errors.

Table 5. Illevation Spot Checks of Maunley Hot Springs Site Features

Feat urc Elevation Flevation Delta
USGS Map ERS-1 Radar

1. Lakes south of HotSprings 84 83 1

2. River near Cosna 706 71 5

3. Smalllake north of Bear Lake 197 193 4

4. Small hill near Bear Lake 269 266 3

5. Mooscheart Mountain 651 620 31

Jor procedure 3, we have developed a statistical method to evaluate the errors in the baseline
andthe consequent RMS height error over animage, as follows. Iiducial heights were read from a
USGS topomap (National Geodetic Vertical Datum of 1929). Each height tiepoint was located in
the 3-day repeat Toolik interferogram, such that a database of tiepoints was generated, including
row, column, height, phascandphase variance. The relative ranges of spacecraft to any point
(row ,column) in theimage are well known, so the database information is sufficient to reconstruct

the interferometric bascline.

For N ticpoints, we randomly chose M sets of K tiepoints, where K < N. Therandom draw was
done so that no set of K tiepoints containg a duplicate tiepoint, no two tiepoint sets are the same,
andthe tiepoints in a set spanasuflicient image area to give a good baseline estimate. For each of
the M sets, a baseline was computed according to the methods outlined previously. Inthis way we
generated aset of baseline estimates from whichwe candevelop an intuitive and statistical sensc
for the robustness of the technique. in particular, for cach bascline estimated, the height at each
iimage tiepoint can be reconstructed. The residual between the reconstructed height and the height

measured from the map can then be used as a measure of tile success of the technique.
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The residual for only the tiepoints used to form the baseline estimate is usually small, on the
order of 5 to 10 meters. However, the residual over all image tiepoints is never less than about 15
meters, and is frequently much greater. This is consistent with the spot check methodin which the

height errors near the tiepoints used 10 form the baseline were small.

To evaluate the effects of noise more carefully, we simulated the interferometric phase by solving
the forward problem: given a height, nominal baseline and azimuth ramp, what is the interfero-
metric phase? We then added Gaussian noise to the simulated phase and to the heights to model

the effect of data noise and topographic map measurement noise.

In the presence of noise, it is virtuallvimpossible to estinate the physical baseline (two cross track
components) while also estimating alincar phase rainp in azimuth (slope andintercept) with only
a few tiepoints. The variation of the interferometric phase with baseline orientation is sinusoidal
and is essentially the same for alllook angles, This o rientation- dependent phase constant can be
absorbed in the phase constant for the azimuth ramp. Thus there is alarge number of possible

parameter combinations that can fit the data.

The solution is relativelyinsensitive to the assumed geoid as long as a local quadratic. approxi.
mation to Iarth cur vature is ac c ounted for. An incorrect assumed radius of curvature introduces
errors of less than Tmeter. Auincorrect geocentric (referen ce) radius introduces virtually no height
crrors, as it translates to aphase constantacross the image, which is fitted and removed. ‘1'bus, by

estimating an arbitrary phasc constant, absolute height information is lost.

Wee performed three different tests on data simulated to have 5 meter random height deviations
but no statistical phasc crrors. Inthe first test, four parameters were fit using 4 or more height
tiepoints. For baselieg from the best sets of tiep oints, those widel y separated in range and azimuth,
the residual height errors were onthe order of ameter or less, corresponding to baseline estimates
well matched to the simulated values. Over all the possible tiepoint sets, however, the estimated
basclines differed significantly, and the average height residual deviation was never better than the
5meter measurement errors. 1'his reflects the correlation among fitted parameters. increasing the
number of tiepoints decreases the height errors on average, such that they approach the height

measurement errors.

11 the second test, three parameters were fit, withthe fourth, the vertical component of the
baseline, fixed at its simulated value. As expected, the horizontal baselines generally come closer
to the simulated values, andthe average height residuals approach 2 or 3 meters when using 7
ticpoints. The best baseline estimates again yield residuals of order 1 meter. It is impossible
to know a priori if the tiepoints will yield a height residual better than the measurement error.

Therefore, it is important to use as many tiepoints as possible in these estimates.

In the third test, we fixed the vertical baseline component to anincorrect value and fitted the

remaining three parameters. It is now impossible to approach the exact baseline,and as a result,
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the minimum height residual deviations increase to greater than or equal to the hicight measurement

error, and the average height residual deviations also increase.

Thus in fitting 3 parameters, it isimportant to have areliable estimate of the fixed parameter or
to have small phase noise and height measurement errors. In fitting 4 parameters,it is important
to use as many tiepoints as possible, andreduce the variance of the tiepoints’ height errorand tile

data phase noise to levels of thedesired height accuracy.

These results relate to the heightmapsinthis work inthe following way. These maps were gen-
crated by fixing the vertical component of the baseline and fitting the remaining three parameters,
Three tiepoints were used for the fit. From our simulation (5mheight errors, no phase errors),
the average height residual for this case was about 15 meters; the minimumn residual was about 1
mete . For T he 3-day repeat Toolik data, the average height residual was about 50 meters, while
the minimum was about 15 meters. There is anessential difference between tile simulation residual
calculation andthe actual. Thesimulation residual is the difference of the derived heights and the
heights with no noise. The actual residual by necessity must use the heights measured from the
USG S map with the associated measurement noise, Therefore, the minitmumn residual variance is
likely to be tile eflective height variance of the data, that is a combination of the phase variance
interpreted as height variance and the actual map height measurement variance. In this case, it is
15 meters. Theupper limit on height error based on measured decorrelation and looks is about 7.5
meters. Thesmall residual determined here using laborious hand measurements off a topomap is
actually quite encouraging.

Atthe timme of this work, anaccurate orbitreconstruction was not available, so one of the baseline
components was fixed, the other estimated. Whenan orbit reconstruction is available to 30 cin
accuracy, we canfix bot hbaseline components to their approximate values, and fit two parameters
- just the along-track ramp. This case is similar statistically to rows 5-9inTable 6, where three
parameters were estimated, and 75, was fixed at its correct value. We cansce that about 6 tiepoints
of Hbmrms accuracy arc neededto obtainanrms DEM height accuracy of 5m. If the tiepoints
licights can be measured in situ, for example withGPS receivers, rather than off a map, then the
limiting tiep oint error is the phase noise. Five meter equivalent rms phase noise is achievable with
'R S-1 data when decorrelation is small.

Table 6. Baseline Determination Simulation Results
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Parameters Tie Mean Mean Minimum Maximumn 13,
] Points o, o, a,, o,,

Used Bascline All All All

Tie points  Tie points Tie points  Tie points

4 4 387 27.41 1.72 116.23
4 D 3.53 8.7H 39 28.62
4 6 3.08 5.28 0.77 =08
4 7 2.58 6.10 0.149 29.78
3 3 3.70 15.06 27 33.02 30
3 4 2.74 7.71 0.13 53.53 30
3 5 2.69 5.07 1.21 18.49 30
3 6 2.2 3.13 0.76 10.92 30
3 7 1.93 2.5 0.08 5.10 30
3 3 3.70 29.95 7.06 127.81 -30
3 4 14.86 6.21 51.72 - 30
3 5 12.62 6.28 30.77 -30
3 6 0.36 6.23 24.19 - 30
3 7 8.80 5.95 15.04 -30

Simulation nputs:
B. = 301
By, = —233.167 m
do = 26937.2 rad
m, = 4.01746 x 107 * rad/m
phase standard dev = 0 rad

height sto dev = 5

Globa Mapping Possibili.ies

Finally, n this scction we discuss he possibility of obtaining a global topographic map using
Tie BERS.  satellite and radar system. Global mapping of he Earth by repeat orbit procedures
is feasible only if a suitable orbit and coverage scenario is used. As we have seen that temporal
decorrelation phenomena can dominate the measured phase over many types of terrain, the orbit
repeat time must be minimized to achieve high correlation on successive echoes. As the FRS-1
critical baseline is 1115 m, to keep bascline decorrelation to a feasible value the repeat geometry
must be such that the satellite returns to the same point relative to the ground within 200 m; in

addition the set of imaged swaths must cover he Far I in a reasonably short time, a year or less
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We propose the following implementation as optimal for a satellite identical to EXRS-1. An orbital
altitude of 5G1km provides a one day repeat interval. Fven at this relatively short repeatinterval
the possibility remains that environmental factors such asrain or snow could decorrelate the echoes
over wide areas. At a reducedaltitude of 561 km, the look anglemay beincreasedto 40° while
achieving the same noise equivalent radar signal to noise ratio of 11.7 dB, improving the current
IXRS-1problemwith layover. However,as the normalized cross section of most targets decreases
withincreasing angle some degradation of signal to noise ratio will occur. In this imaging geometry

the usable swath, defined as the 1.5 dB points on thie one-way antenna pattern, is 50 km.

The imaging scenario is as follows: First, map asingle 50 kin swath for one day, then, repeat
this coverage to obtaininterferometric data over the swath on thesecond day. A single day period
comprises 15 imaging swaths for a tota illuminated width of 750 ki at the equator if only ascending
or descending passes are considered. The datamay thenbe processed and checked for gaps due to
temporal phenomena and if desired the inissing arcas may be reacquire’d. At this point the orbit
nod ¢ yust be advanced about40km for the nextpair to allow some overlap between swaths, aud
for a total equatorial distance of 10000 km G-isuchmaneuvers willbe required. This would result

in complete equatorial coverage.

Since the orbits converge at t he poles, the interferometer baseline will at some point become
too short and the errors will hecome unusably high. If we select 75 m as this minimum baseline,
corresponding roughly to a factor of three decrease in single-image accuracy, the maximum useful
orbit latitude is 68°. However,multiple coverage atthe higher latitudes permits some averaging so
thatthe total accuracy decrcasc isless than tile factor of three expected from the baseline variation
alone. This misses the p olar regions but does obtain topographic data over most of the Earth’s

land surface.

We must note here that the above assumes that we have several tie points distributed inrange
within cach segment of the Tadar gwath- the size of the segment i$ determined by the orbit stability.
These tic points willinall likelihood not be distributed evenly across the Farth’s syrface, thus the
accuracy of themapsproducedwill vary widely with the quality and number of tic points. Since
the precision of maps obtained with I'RS-1can exhibit values as poor as 12-15 m for unfavorable
orbit latitudes and locations withlarge temporal decorrelation, such a piecemeal global data set is
notsignificantly superior to what is available now. However, for regiona studies of selected sites
for whicheither absolute accuracyisunimportant,or for which tie points are readily obtained, the

I'IRS-1 derived digital clevation models will be invaluable.

We note that if precision orbit determination is possibleon a future satellite, such as the 3 cm
suggested by experimentsinvolving the Global Positioning Satellite on the NASA TOPIX ocean
altimeter mission, the absolute accuracy Problelnhecomes less of a constraint. Assuming a 200 m
interferometer baseline, an orbit heightuncertainty of 3 cm for each orbit and equations (6) give a
resulting absolute heighterror of SO 111 for a 561 kmorbitat a 40 degree look angle. Tlus, orbit
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determination alone canachieve soinew hat accurate absolute heights, but tic points will be required

to reduce the absolute error to the 2mlevels obtained from statistical signal variations.

I order to reduce the absolute height errors, the spacecraft could be equipped with a nadir-
looking laser altimeter to obtain tie points with which to minimize absolute height and slope
errors. ‘T'helaser would also obtainmany good measurements over the polar regions which 1) are
not mapped well by a repeat pass radar due to the converging orbits and hence small baselines
and 2) are relatively flat anddo notneedtheradar system’s ability for high spatial resolution.
Since the radar resolves the local topography, the laser tie points may be quite sparse every 10
km or so would suflice. The locations of the reference points must be very accurately coregistered
withthe radar data, a nontrivial task in itself, Of course the reference points will be available as
weather permits; the laser system will not work over cloudy regions at all. ‘Jbus, the success of
thisimplementationin terms of reducing the absolute error levels to those associated with relative

measurements depends onthe ability to generate ahigh-quality auxiliary data set.
summary

Topographic maps with relative errors of 5mrms or less can be derived frominterferomet-
ric radar data collected by thelXIRS-1 radar system, providing a relatively inexpensive means to
generate digital elevation models over regions of the Earth where little or no topographic data is
available. Thismethodwould also yield aconsistentapproach to obtaining high resolution topog-
raphy over diflerent arcas; a consistent worldwide data set dom not exist today. We have derived
digital elevation models from ERS-1 data acquired over Toolik Lake and Manley Hot Springs in
Alaska and over part of the Mojave desert in California. Since 1) temporal decorrelation at the
C-band wavelength can yield DEMs with poor height acuity, and 2) orbit uncertainties necessitate
theuse of tie points to minimize absolute height errors, regional studies can be accommodated but
global mapping withthe satellite would not resultin a data set significantly superior to what is
already available. W'hile these effects can be mitigated by utilizing a satellite orbit witli a shorter
revisit time and more precise orbit determination, suchas that provided by G] 'S, it is unlikely
that the uncertainties of the measured heights could bereduced to levels acceptable for precise
global topographic applications. The existing, and proposed improved, ERS-1 systems do promise,
liowever, the ability to gencrate anew sctof topographic data that will prove useful for many
discipline studies.
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Figure 1. Interferometer imaging geotnetry. Two antennas Al aud A2 both illuminate the same

patch of ground. Surface topography is given by 2(y), the spacecraft altitude is h shove a tangent
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plane at the point of interest, the baseline distance is I3, the range to a point on the ground is 7,
the ook angle is 8, and the angle of the baseline with respect to horizontal is a. The radar signals
transmitted from each anitenia and received at the point of transmission will forin an interferogram
where the phase at cach pointis proportional to the difference in path lengths, 6, with the constant

. . A7
of proportionality <.
Figure 2. Uncertainty i, jnterferometer phase s a function of correlation and number of looks.

Iigure 3. Correlation maps of the Toolik Lake site, derived from orbit pairs 943-1029 (6 day
interval, 3a) and 1029-1072 (3 dayinterval, 3b).Zcro correlation is represented by bluish purple,
while unity correlation is given by yellowish green. The majority of the six day iinage possesses au
average correlation of 0.50 or more. The three day image has large areas in which the correlation
drops below half. Since signal to noise ratios are similar and baseline decorrelation in both cases
is small, the temporal correlation is higher over tile longer rather than the shorter time interval.
Ionvironmental factors which occur sporadically rather than continuously over time are dominating
the observed correlation.

Figure 4. Corrclation map measured over the Manley Hot Springs site.

Figure 5. Correlation images of the Mt. Katinaiarea, showing that large sections of the region
produce uncorrelated echoes. While certain subsections exhibit very high correlation values of
about 0.85, only these sinall pieces may beexpected to yield accurate phase estimates and hence
uscful digital elevation models. Figure bashows $0tne evidence of anclevation effect, particularly on
Mt. Griggs, the large mountain near the image center. The average of the correlation coeflicients is
greater than ().,5011 thelowerslopes of the mountain, butabove a constant altitude it drops to the
0.28 average magnitude value expected for lo-look uncorrelated signals. The correlation in figure

5b is less obviously related 1o altitude but appears to be highest in the valley floors.

Figure 6. Correlation map of Shishaldin volcano in the Aleutiar, Islands. The ocean is completely
uncorrelated, as is the laud area over much of theimage. Only a few outcrops on the volcano itself

andthe beach area exhibitsuflicient correlation to permit accurate phase estimation.

Figure 7. Height inap of the Toolik site from the same 3 day orbit pair shownin figure 3b,
geocoded but uot interpolated. There are @ number of large and a plethora of smaller ‘holes’ in
theimage due mainly to foreshortening effects (scetext). Here radar brightness is shown as the
brightuess of each point, and the color is determined by the altitude. Whilein digital format we
retainthe actual height value, for the display we quantize the heights to multiples of 18.75 meters
and map cach to a 16 element repeating color whieel. Thus the color repeatinterval, say from red

to red, for thismap is 300 meters.
Figure 8. Data from figure 7 after lincar interpolation. Color repeat interval is 300 meters.

Figure 9. Toolik. Alaska data from figure 8 in perspective view. The colors and intensities in

this and the following figures were chosen for aesthetic appeal; blue does notrepresent water, green
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vegetation, nor white Silo\\".

Figure lo. Perspective view of Pisgah lava flow generated from 35-day repeat cycle data. Sec

caption to figure 9.

Figure 11. Perspective heightmap of Manley Hot Springs site. See caption to figure 9.
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Figure 1 Zebker and Werner, 1992
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